plaque and induce periodontal lesions and root surface caries in hamsters and rats (15, 16, 17) . Inoculation of a rodent strain of Actinomyces viscosus Nyl into conventional rats resulted in an increased number of smooth surface and of fissure carious lesions (33) . Plaque formation, cemental caries, and periodontal destruction were observed when human strains of Actinomyces naeslundii (37) and A. viscosus (19) were inoculated into gnotobiotic rats, and fissure caries have been induced in gnotobiotic rats monocontaminated with human strains of A. naeslundii (7, 9) , A. viscosus (7, 22) and Actinomyces israelii (9) .
Although the oral actinomycetes are capable of forming adherent deposits in vitro and in vivo, little is known about either the actual virulence factors associated with their destruction of the hard or soft oral tissues or the mechanisms by which they form plaque. Dietary sucrose is an important substrate for components of dental plaque matrix and a source of acids that are involved in caries development (26, 31) . However, the relationship of sucrose metabolism by oral actinomycetes to the pathogenic potential of these microorganisms has not been clearly established. Strains of Actinomyces lower the pH of sucrose media (11, 13) , and at least A. israelii can ferment glucose by the Embden-Meyerhof pathway and can reduce pyruvate to lactate (2, 3) . Although A. viscosus converts sucrose to levan (12, 20) , the specific mechanism(s) by which A. naeslundii might utilize sucrose has not been determined. The present studies were performed to determine whether A. naeslundii in plaque can degrade sucrose and to define the mechanisms by which this degradation might occur. The results indicated the presence of and described properties of a sucrose degradation system with ,B-fructofuranosidase specificity associated with whole cells of A. naeslundii which was active in plaque formed by this microorganism. zitose, trehalose, a-methylglucoside, glucose-i-phosphate, dextran T-500) all had the potential to yield reducing sugars and free glucose upon hydrolysis and were assayed by the Somogyi and by the Glucostat methods. Hydrolysis of levan (a nonreducing substrate) was measured by the Somogyi procedure.
Association of enzyme activity with whole cells. Saline-washed whole cells from a 48-h culture of the organism in 1% sucrose supplemented medium were incubated in a standard reaction mixture of 20 ml total volume. At zero time and at five subsequent 30-min intervals, portions of the mixture were boiled and centrifuged, and the supernatant fluid was assayed for reducing sugars. At each time interval, a second portion was immediately passed through a chilled membrane filter (Millipore Corp., 0.45-um pore size). A portion of this cell-free filtrate was immediately placed into marble-covered tubes in a boiling water bath and assayed for the presence of reducing sugars. The remainder of the filtrate was reincubated at 37 C and assayed for reducing sugars after 30 and 60 min.
Thin-layer chromatography. Reactants and products of the degradation of sucrose by A. naeslundii were separated by thin-layer chromatography. A 10-Mliter sample of an incubated, boiled, and centrifuged reaction mixture or appropriate control was applied in 2-,uliter amounts to the lower left hand portion of a silica-gel chromatogram sheet (20 by 20 cm; no. 13179, Eastman Kodak, Rochester, N. Y.). The spots (one per sheet) were dried in a stream of warm air, and the sheets were placed in a covered glass chromatocab containing chloroform, glacial acetic acid, and water (4.0:3.5:0.5, vol/vol). The sheets were developed until the solvent front was about 4 cm from the top. The front was marked, and the sheets were dried at room temperature and redeveloped in the same solvent system in a direction perpendicular to that of the first. The second solvent front was marked, and the sheets were dried and sprayed with a diphenylamine-aniline-phosphoric acid-acetone mixture (5) for detection of carbohydrates. The dry sheets were placed in an oven at 100 C for 10 24 -h intervals for 5 days in sucrose medium inoculated each day with A. naeslundii. The wires were then suspended in 10-ml standard reaction mixtures and incubated at 37 C for various time periods. The production of reducing sugars and free glucose in the plaque-free solution and the dry weight of the plaque was determined. Results of these assays are given in Table 5 .
The presence of reducing sugars and of free glucose were determined by the Somogyi (38) procedure and with the Glucostat Special reagents. Controls consisted of plaque incubated in the buffer alone and an incubated sucrose-buffer solution without plaque.
Polysaccharide analysis. Standard 10-ml reaction mixtures containing sucrose and plaque or whole cells were incubated for various times. Production of total reducing sugar and free glucose was measured, and 5.0-ml portions of the cell-free mixtures were passed through Sephadex G-25 (Pharmacia) for separation of high-and low-molecular-weight components. The column (2 by 30 cm) was equilibrated and samples were eluted with 0.05 M sodium acetate buffer, pH 5.8, at 4 C. The void volume was 40 ml and the flow rate was 1.8 ml per min. The eluate was collected in 5.0-ml volumes with the aid of an automatic fraction collector (Buchler Instruments, N.J.). Each fraction was analyzed for total hexose (6) viscosus levan (2.5 mg/ml) were passed through the column. The high-molecular-weight levan appeared immediately after the void volume and was completely eluted after passage of a total of 65 ml. The low-molecular-weight standards appeared in the 80-to 125-ml fractions.
RESULTS
Associations of enzyme activity with whole cells. Washed whole cells of A. naeslundii obtained from 48-h sucrose cultures were incubated with sucrose under standard assay conditions. The effect of cell removal on the production of reducing sugars in this reaction mixture was determined. Figure 2 demonstrates that production of reducing sugars from sucrose was linear for up to at least 150 min of incubation. When the cells were removed from the reaction mixture by filtration at various time intervals and the cell-free fluid was re-incubated at 37 C, no further increase in reducing sugar production occurred. Removal of the cells from reaction mixtures incubated for various time periods stopped the production of reducing sugars. Since the filtrates did not exhibit 260-or 280-nm absorbency and were negative for Lowry et al. (23) (Fig. 3) . The three distinct carbohydratepositive spots detected gave R, values and color reactions (Table 1) identical to those of sucrose, glucose, and fructose, viewing Fig. 3 from left to right. No detectable carbohydrate-positive material remained at the origin. Chromatography of complete reaction mixtures boiled at zero time and of incubated mixtures containing only sucrose and buffer resulted in only one spot which corresponded to that of sucrose. Incubated cells minus the sucrose gave no carbohydrate-positive spots.
Standard reaction mixtures and appropriate controls, in which cell concentrations and incubation times were varied, were prepared, incubated, and assayed for the presence of total reducing sugars and for free glucose. Figure 4 shows a linear relationship between production of reducing sugars or free glucose and incubation time up to 4.25 h under the conditions of the assay. The average of the amounts of free glucose produced at each time period was 52% of the total reducing sugar values. When the concentration of washed whole cells were varied in the reaction mixtures, production of both reducing sugars and of free glucose was linear up to a concentration of 0.36 mg (dry weight) of cells per ml of reaction mixture (Fig. 5) . The average amount of free glucose produced at the various cell concentrations was 51% of the total reducing sugar values.
Sucrose degradation as a function of growth. Sucrose cSpecific activity of cells cultured in the 1.0% sucrose-supplemented medium served as the control since this was the standard culture condition used throughout the study.
1.0% concentration produced cells with essentially the same specific activity. As the sucrose concentration in the growth medium was increased, the specific activity of the cells increased to a maximal value at 0.5% sucrose. Further increases in the sucrose concentration of the growth medium to 5.0% yielded cells with essentially the same specific activity. Cells grown in the presence of 1.0% glucose, fructose, glucose and fructose, maltose, lactose, or with no sugar supplement exhibited similar specific activities which were 79 to 84% lower than that of 1.0% sucrose-grown cells. The cells obtained from cultures supplemented with varying concentrations of glucose or fructose in addition to 1.0% sucrose exhibited specific activities greater than that of cells grown in media supplemented with only 1.0% sucrose.
When sucrose (1.0% final concentration) was added to log-phase glucose cultures of A. naeslundii and the cultures were reincubated for 5 h at 37 C, cell-associated specific activity increased 2.5-fold after a 60-min lag period (Fig.  6 ). The addition of sucrose at a final concentration of 0.05% induced enzyme specific activity 1.6-fold within 300 min. During this time period, the specific activity of cells continuing growth in the presence of glucose alone remained essentially the same. The culture tur- (Fig. 7A) . Forty-seven percent of the maximal activity occurred at pH 8.0 and 30% at pH 4.5.
Effect of temperature. Washed whole cells were added to the remaining portion of standard reaction mixtures which were preincubated at temperatures ranging from 23 to 60 C. After 60 min of incubation at these temperatures, the reaction mixtures were analyzed for the presence of reducing sugars. Maximal specific activity of the enzyme occurred between 37 and 45 C with essentially no activity at 60 C and 50% of 10, 1974 SUCROSE DEGRADATII the maximum exhibited at 23 C (Fig. 7B) .
Substrate saturation kinetics. The concentration of sucrose was varied in standard reaction mixtures, and the effect of this variation on the velocity of reducing sugar formation by washed whole cells is shown in Fig. 8 . Michaelis-Menten kinetics were observed with a Km of 50 mM.
Sucrose degradation by A. naeslundii plaque. Wires containing adherent A. naeslundii plaque (Fig. 1) were incubated in standard sucrose reaction mixtures. The ability of the plaque to enzymatically degrade sucrose was determined by measuring the production of reducing sugars and free glucose at various time (Table 5) . Even though the amounts of plaque varied from 2.0 to 4.9 mg (dry weight) per wire, the amount of reducing sugar produced per minute per milligram of plaque was essentially the same in all cases. The 30-, 60-, and 90-min reaction mixtures, which contained very similar amounts of plaque, exhibited a directly proportional relationship between time and sucrose degradation. No reducing sugar or free glucose was detected in the incubated plaque reaction mixtures in which sucrose was omitted. The usual trace amounts (0.04 Amol per ml) of reducing sugar detected in incubated reaction mixtures containing only sucrose and buffer were subtracted in all cases. There appeared to be an average loss of 5.8% free fructose in these plaque reactions when total reducing sugar values were compared to those of free glucose. No ethanol precipitable carbohydrates were detected in the fluid portion of any of the plaque reaction mixtures. Incubation of free fructose or free glucose with plaque resulted in a 1% loss of fructose. Although not included in Table 5 , the addition of 50 mM sodium azide to sucrose reaction mixtures containing 4.4 or 3.8 mg (dry weight) of plaque did not alter sucrose degradation or affect recovery of reducing sugars or free glucose. Polysaccharide synthesis from sucrose. Standard 10-ml reaction mixtures with sucrosecultured, washed whole cells (0.044 mg [dry weight] per ml) or with wires containing 3.1, 4.5, and 7.1 mg (dry weight) of plaque were incubated for 1 to 4 h at 37 C. The three whole cell reaction mixtures exhibited specific activities of production of reducing sugars or free glucose when incubated with dextran T-500, nor was free glucose generated from glucose-i-phosphate. Thus, it appears that sucrose degradation by A. naeslundii cannot be adequately explained by synthesis and subsequent degradation of dextran or glucose-i-phosphate.
Chemical and chromatographic analysis of sucrose degradation catalyzed by washed whole cells of sucrose-cultured A. naeslundii indicated that essentially equal quantities of glucose and fructose were produced (Table 1 and Fig. 3, 4 , and 5). As emphasized by Myrbiick (30), sucrose can be directly hydrolyzed to glucose and fructose by eitherf,-fructofuranosidase or certain a-glucosidases depending upon which portion of the sucrose molecule is attacked. 0-Fructofuranosidases will hydrolyze sucrose and the unsubstituted ,B-fructofuranoside raffinose, whereas certain a-glucosidases will hydrolyze the substituted ,B-fructofuranoside melezitose as well as sucrose. Direct hydrolysis of sucrose by A. naeslundii whole cells would appear to be of the ,B-fructofuranosidase type, since significant activity was detected with sucrose and raffinose as substrates and no activity with melezitose as the substrate (Table 4) (21) , Bacillus subtilis (32), and Saccharomyces fragilis (4) . Induction of apparent intracellular invertase levels during growth of S. mutans on sucrose has been reported (41) . The addition of glucose, fructose, maltose, lactose, or glucose and fructose to the basal complex growth medium resulted in cells with specific activities which were all about 80% less than that of cells cultured in the presence of sucrose. Even though a defined growth medium was not used, inhibition of enzyme synthesis by these carbohydrates does not appear likely, since specific activities obtained with these carbon sources were the same as that of cells grown in medium to which no sugars were added. Furthermore, cells cultured in media supplemented with both sucrose and glucose or fructose exhibited specific activities which were greater than that of cells cultured in the presence of sucrose alone. When sucrose was added to logphase cells growing in glucose, reducing sugar production per minute per milligram of cells increased a maximum of 2.5-fold within 5 h, whereas that of cells continuing growth in glucose alone remained the same (Fig. 6) Properties of the sucrose degradation system of A. naeslundii cells are similar to those of invertases from yeast and oral streptococci. The yeast enzyme expresses maximum activity between pH 4.0 to 5.5 (30) and has a Km value for sucrose of 0.016 M (10). S. mutans, strain GS-5, invertase is most active at pH 6.0 and has a sucrose Km value of 0.14 M (21) . The values reported for S. mutans, strain K1-R, and for S. sanguis, strain 903-1600, were pH 6.5 and 7.0, and 0.123 and 0.066 M, respectively (25) . These are compared to a pH optimum of 5.7 to 6.0 and a Km for sucrose of 0.05 M for the A. naeslundii system. All of the enzymes exhibit maximal activity near 37 C. Sucrose degradation by A. naeslundii cells in standard reaction mixtures was found to be inhibited 78% by the presence of 10-6 M HgCl2 and 38% by the presence of 10-' M Cu2+ (Miller, unpublished data) . The invertases of yeast (30) This suggests some loss of free fructose either by its polymerization to levan, its catabolism to a nonreducing sugar product or its binding to the plaque. Incubation of plaque with 1.0 mM fructose or glucose resulted in a slight loss of fructose (Table 5 ). In attempts to eliminate possible loss of products by transport into the cells, sodium azide was added to plaque reaction mixtures. No affect on sucrose degradation or product recovery was observed. A small amount of fructose may bind to plaque, but this would not appear to account for the average 6% loss observed. Although synthesis of soluble levan could not be directly demonstrated, the small loss of fructose during sucrose hydrolysis by plaque may have resulted in formation of cell-bound levan which was not completely degraded by the levan hydrolase. 10, 1974 
